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Abstract. In 1985, “During experiments aimed at understanding the mechanisms by which long-chain
carbon molecules are formed in interstellar space and circumstellar shells”, Harry Kroto and his collaborators
serendipitously discovered a new form of carbon: fullerenes. The most emblematic fullerene (i.e. C60
“buckminsterfullerene”), contains exactly 60 carbon atoms organized in a cage-like structure similar to a
soccer ball. Since their discovery impacted the field of nanotechnologies, Kroto and colleagues received the
Nobel prize in 1996. The cage-like structure, common to all fullerene molecules, gives them unique properties,
in particular an extraordinary stability. For this reason and since they were discovered in experiments aimed
to reproduce conditions in space, fullerenes were sought after by astronomers for over two decades, and it is
only recently that they have been firmly identified by spectroscopy, in evolved stars and in the interstellar
medium. This identification offers the opportunity to study the molecular physics of fullerenes in the unique
physical conditions provided by space, and to make the link with other large carbonaceous molecules thought
to be present in space : polycyclic aromatic hydrocarbons.
Keywords: subject, verb, noun, apostrophe
1 The presence of large carbonaceous molecules in space : the PAH hypothesis
About 30 years ago, the presence of bands in emission (the strongest of which are found at 3.3, 6.2, 7.7, 8.6, 11.2
and 12.7 µm ) in the mid-infrared spectrum of our Galaxy was observed. Soon after that, it was proposed by
Le´ger & Puget (1984) and then Allamandola et al. (1985) that these bands result from the emission of large
carbonaceous molecules from the family of Polycyclic Aromatic Hydrocarbons (PAHs), present in the gas phase
and heated by the absorption of single UV photons. Since then, PAHs have been invoked to be part of numerous
key processes in interstellar and circumstellar environments (e.g. the formation of H2, heating of the neutral
gas, UV extinction etc.) and are widely used as tracers of physical conditions and star-formation in galaxies.
Yet, even though it is widely accepted, the gas phase PAH model remains an hypothesis because no specific PAH
molecule could be identified up to date. This is mainly because there exists a large number of PAH molecules
(it is a ”family” of molecules) and the broad mid-infrared emission bands are not specific enough to identify
individual species from the PAH family.
2 The serendipitous discovery of the C60molecule
About at the same time the PAH model was proposed, H. Kroto and his collaborators serendipitously formed, in
the laboratory, a new molecule made of 60 carbon atoms arranged as the vertices of a soccer ball (C60 , Fig. 2).
It is worth noting that, in the original Nature paper (Kroto et al. 1985), the authors of the discovery present
a photograph of a soccer ball as their Fig. 1. Because of the resemblance of the geometry of this molecule
with the buildings of architect Buckminster Fuller, they coined the name ”Buckminsterfullerene” for this new
molecule. In fact, there exists a whole class of pure carbon molecules with icosahedral geometries of different
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Fig. 1.Mid-infrared spectra of the interstellar medium in regions of the
Milky Way and other galaxies obtained with the IRS instrument on-
board the Spitzer Space Telescope. The Orion Bar is a UV irradiated
molecular ridge in the Orion star-forming region. SMC and LMC re-
fer to the Small and Large Magellanic Clouds. M82 is a nearby galaxy
with intense star formation activity. The Luminous and Ultraluminous
Infrared Galaxies (respectively LIRG and ULIRG) spectra are templates
obtained by stacking the spectra from a large sample of galaxies (Dasyra
et al. 2009). The 0 < z < 1 and 1 < z < 2 spectra, where z means
redshift, were obtained by stacking the spectra from a large sample of
galaxies (Dasyra et al. 2009) and are presented in their rest frame. These
spectra represent galaxies in the early universe.
2. Observed PAH spectrum
Between 2003 and 2009, NASA’s Spitzer Space Telescope
(Werner et al. 2004) observed numerous astronomical sources
in the mid-infrared (5-15 µm). These data have been made pub-
licly available and can be accessed online1. We have compiled
a sample of the mid-IR spectra. These data were obtained with
Spitzer’s infrared spectrograph (IRS; Houck et al. 2004), utiliz-
ing its short wavelength, low resolution module (SL), and are
shown in Figure 1. These spectra include observations of the
interstellar medium (ISM) ranging from specific regions in our
galaxy to galaxies up to redshifts z > 1.
The spectra in Figure 1 span a wide range of objects, physical
conditions, star formation activity/history, age, metallically, and
mass. While showing small di erences in detail, regardless of
their environment, all spectra resemble each other in peak posi-
tion and profile and are dominated by emission features centered
around 6.2, 7.7, 8.6, 11.2 and 12.7 µm. The similarity between
the spectra in Figure 1 is striking, with an average correlation co-
e⇥cient of 0.8. This high correlation between observed spectra
implies universal properties for the carrier(s) of these AIBs. In
the following, we will attempt to reproduce these observations
using quantum chemically calculated spectra and to explain the
universal character of the observed AIB spectrum. The black
spectrum in Figure 1 is NGC 7023-NW and will be used as
the ’typical’ PAH spectrum for comparison to the models in
the remainder of the text.
1 http://sha.ipac.caltech.edu/applications/Spitzer/SHA/
We have specifically chosen to exclude low-UV environ-
ments, such as post-AGB stars or molecular clouds and other
objects that are categorized as Class C by the ? classifi-
cations. Low UV environments are generally characterized
by emission from ”very small grains”. The exact nature of
the grains is not determined but it is agreed that they are
not purely aromatic. It is believed that the processing of the
very small grains by UV radiation releases free flying PAHs
(Pilleri et al. 2009). Hence, only in more exposed UV environ-
ments where the spectrum is purely aromatic, can the spec-
trum be compared to the database. For the truly di↵use ISM,
there is no representative spectrum; the mid-IR emission is
so low because of low column density and radiation field that
it makes spectroscopic observations di cult.
3. Results
3.1. NASA Ames PAH IR Spectroscopic Database
Version 1.32 of the NASA Ames PAH IR Spectroscopic
Database is used, which contains 659 computed PAH spectra
(Bauschlicher et al. 2010; Boersma et al. 2014). From these, 548
were selected, excluding those spectra from PAHs containing
oxygen, magnesium, silicon and iron, as these are commonly
not considered to exist at high abundances, if at all, in space.
The selected set holds the spectra from a wide variety of PAHs;
PAHs of di erent sizes (9 ⇥ NC ⇥ 384), ionization states (-
,0,+,++,+++), and geometries. A discussion on biases in the
database can be found in Appendix A.
In order to compare astronomical AIB emission spectra with
computed absorption spectra from the NASA Ames PAH IR
Spectroscopic Database, an emission model is required. Here,
the single photon, single PAH emission model is adopted, which
is fully implemented by the AmesPAHdbIDLSuite (Bauschlicher
et al. 2010; Boersma et al. 2014). Each PAH is given an internal
vibrational energy of 6.0 eV and put through the entire emission-
cooling cascade.
While the choice of emission profile and its width will not
a ect our general result, they do become important when mak-
ing the direct comparison to astronomical observations. Here
Lorentzian emission profiles are chosen with a fixed width of
15 cm 1. However, anharmonicity will shift the peak position
and broaden the bands. The exact amount of this shift and broad-
ening is dependent on the specific molecule, temperature, and vi-
brational mode (Cherchne  et al. 1992; Cook & Saykally 1998;
Joblin et al. 1995; Pech et al. 2002; Oomens et al. 2003). It is this
complexity that restricts the emission model from dealing with
anharmonicity in detail. However, an overall redshift of 15 cm 1
is applied, which is consistent with shifts for the out-of-plane
bending modes of PAHs at ⇤900 K measured in the laboratory
(Joblin et al. 1995; Pech et al. 2002). The resulting emission
spectra are presented in the top panel of Figure 2 and illustrate
the diversity in spectral features between PAH species.
3.2. Database Mixtures
From the 548 PAH emission spectra calculated in Section 3.1,
1000 random mixtures were created by assigning each 5-15 µm
PAH spectrum a random abundance between 0 and 1 and then
averaging. The results are presented in the left panel of Figure 2.
The similarity between the 1000 mixtures is astonishing, with an
average correlation coe⇥cient of 0.96 (see Appendix B).
We can continue this analysis for the di erent charge states
of the PAH species. From the 254 and 222 PAH cations and
2
[Rosenberg, Berné, Boersma A&A 2014]
[N
eI
I]
Fig. 1. Mid-infrared spectra of UV-irradiated regions in t e Milky Way an other galaxies obtained with the IRS
instrument on- board the Spitzer Space Telescope and showing the main PAH bands. (see Rosenb rg et al. 2014 for
details).
sizes and shapes, which belong to the family of fullerenes. The discovery of C60 and fullerenes had a strong
impact on the development of nanotechnologies, and H. K oto and his colleagues receiv d the Nobel prize in
1996 for this discovery. Yet, it should not be forgotten that, in their 1985 paper, the future Nobel laureates
start their article by “During experiments aimed at understanding the mechanisms by which long-chain carbon
molecules are formed in interstellar space and circumstellar sh lls”, i.e. that their main goal was to understand
interstellar and circumstellar chemistry.
10
1985 Discovery of the C60 molecule in the lab
[Kroto, Heath,  Obrien, Curl,  Smalley, 1985]
T e s r ndi itous discovery of C60 
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Fig. 2. Structure of the C60 molecule, “Buckminsterfullerene”. Figure credit L. Cadars.
3 The search and discovery of C60 in space
C60 has been sought for by astronomers since its discovery in 1985. The first serious evidence of the presence of
C60 , in reality its cation i.e. C
+
60, was given by Foing & Ehrenfreund (1994) who detected two weak absorption
bands in the diffuse interstellar medium with wavelengths close to those measured in the laboratory for the
electronic transitions of C+60. Unfortunately, the laboratory data was obtained using matrix isolation techniques,
which do not allow a precise enough measurement of the band positions for a definitive identification. Therefore,
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this detection remained debated for nearly two decades. It was only in 2010 that clear evidence for the presence
of C60 was provided. This time, it was with the detection in emission of the main vibrational bands (Fig. 3)
of the neutral C60 molecule, in two reflection nebulae by Sellgren et al. (2010) and in an evolved star by Cami
et al. (2010). While this discovery was an important step, it raised a number of question for astrochemistry :
• How is C60 formed in space ?
• C60 was detected in its neutral form, while given the harsh conditions of the ISM one could expect to
detect the cationic form of the molecule, i.e. C+60
• It was proposed by Sellgren et al. (2010) that C60 is in the gas phase and heated by single UV photons, as
in the PAH model, but Cami et al. (2010) suggested that C60 is stuck on the surface of grains at thermal
equilibrium with the radiation field.
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The existence of large gas phase carbon molecules
lines that are characteristic for the low-density
gas environment of PNe. The infrared continuum
is due to emission from circumstellar dust. For
carbon-rich environments, this dust is typically
amorphous carbon, which results in a featureless
continuum. Other common dust components re-
veal their presence through emission bands.
The spectra of most carbon-rich PNe are gen-
erally dominated by strong emission features due
to PAHs. These features are completely absent in
the spectrum of Tc 1. In addition, there is no trace
of even the simplest H-containing molecules
(such as HCN and C2H2) that are often observed
in carbon-rich proto-PNe. The Spitzer IRS spectrum
does show a few weak hydrogen recombination
lines, but these most likely originate from the
halo material farther out, where Ha emission is
also observed. Instead, the spectrum is dominated
by the prominent C60 bands at 7.0 (20), 8.5, 17.4,
and 18.9 mm, and furthermore exhibits weaker
features that are due to C70 (Fig. 1).
Emission processes result in band intensities
that are proportional to the Einstein A coefficients
for spontaneous emission and to the population of
the excited states. We scaled the experimentally
obtained relative absorption coefficients for the
C60 bands (1, 0.48, 0.45, and 0.378 for the bands at
18.9, 17.4, 8.5, and 7.0mm, respectively) (21, 22) to
absolute values by adopting a value of 25 km/mol
for the band at 8.5 mm (23) and converted them
to Einstein A coefficients. Using these, we cal-
culated the population distribution over the ex-
cited vibrational states from the total emitted power
in each of the C60 bands and found them to be
consistent with thermal emission, in which case
they are fully determined by a single parameter—
the excitation temperature—which we derived to
be ~330 K (19). The relative intensities of the in-
frared C60 bands in Tc 1 thus match what is ex-
pected for thermal emission at 330 K when using
experimentally obtained absorption coefficients.
It is well established from laboratory experi-
ments that the peak wavelengths and bandwidths
are temperature-dependent (24). The peak wave-
lengths in Tc 1 agree, within uncertainty, with
those found in laboratory experiments obtained at
temperatures comparable to our derived excita-
tion temperature (19, 25). We measured widths
(full width at half maximum) of ~10 cm−1 for the
bands at 18.9 and 17.4 mm, which agrees with
laboratory results (24–26); the bands at 7.0 and
8.5 mm are unresolved (19). We performed a sim-
ilar analysis for the C70 bands using appropriate
laboratory results (24, 27, 28) and obtained an
excitation temperature of ~180 K (19).
For comparison, we used the derived excita-
tion temperatures to construct thermal emission
models for both molecules (Fig. 1). The corre-
spondence between the laboratory-based emis-
sion model and the observations supports the
identification of these bands with fullerenes. The
absence of the corresponding spectral features of
fullerene cations or anions (e.g., 7.1 and 7.5 mm
for Cþ60) implies that the fullerenes are in the
neutral state. All infrared active bands of both
species are fully accounted for in Tc 1; no other
clear spectral features remain unidentified in the
spectrum (19). The environment of Tc 1 thus re-
sults in a unique dust composition, but not in a
wide variety of dust components.
Our results suggest that the emission does not
originate from free molecules in the gas phase,
but from molecular carriers attached to solid ma-
terial. With an effective temperature for the cen-
tral object of ~30,000 K, the radiation field peaks
for photon energies in the range 6 to 10 eV, which
would result in excitation temperatures of 800 to
1000 K for large gas-phase species. The much
lower temperatures derived for the fullerenes thus
imply that these species are in direct contact with
a much cooler material. In this environment, the
most likely solid material is the surface of the
abundant carbonaceous grains present in the out-
flow. These solids are in radiative equilibrium
with the stellar radiation field, and thus their
temperature is determined by the distance from
the central object. If the fullerenes are in direct
contact with this material, they must be at the
same temperature and display a thermal popula-
tion distribution over the excited vibrational states,
such as we observe in Tc 1. The difference in
temperature between C60 and C70 then implies
different spatial locations, with C60 located closer
to the illuminating source than C70. This could
happen if C70 forms from C60 as it moves out.
The presence of only neutral fullerenes is in
agreement with an origin on grain surfaces, in
which case charge effects on individual mole-
cules are unimportant. In contrast, gaseous C60
would be largely in cationic form in this environ-
ment. Some observational support for an origin
in the solid state is also provided by the broad and
generally symmetric (Gaussian) band profiles. For
gas-phase species, vibrational anharmonicities
(and possibly ro-vibrational structure) would
result in asymmetric bands. Only a small fraction
of such gaseous material could be hidden in the
observed bands. The absence of gas-phase spe-
cies is puzzling and could indicate that the
fullerenes form on (or from) the dust grains and
never fully evaporate.
On Earth, fullerenes can be synthesized by
vaporizing graphite in a hydrogen-poor atmo-
sphere that contains helium as a buffer gas. The
fullerene formation process is very efficient, and
C60 is by far the dominant and most stable spe-
cies among the large cluster population formed in
A B
Fig. 1. The Spitzer IRS spectrum of Tc 1. (A) The entire range, 5 to 37 mm. (B)
Continuum-subtracted spectrum between 5 and 23 mm, where known for-
bidden emission lines are masked (19). We fitted a cubic spline to spectral
ranges devoid of features to determine the dust continuum (red dashed line).
The broad plateau between 11 and 13 mm is attributed to emission from SiC
dust (34, 35), and the well-known broad feature longward of 23 mm is be-
lieved to be due to MgS (36). Red arrows mark the wavelengths of all infrared
active modes for C60; blue arrows denote those of the four strongest, isolated
C70 bands. The red and blue curves below the data are thermal emission
models for all infrared active bands of C60 and C70 at temperatures of 330 K
and 180 K, respectively (19). We convolved the bands with a Gaussian profile
(s = 2.55 cm−1 for all C70 bands, s = 4.5 cm
−1 for the C60 bands in the SH/LH
module, and s = 10 cm−1 for those in the SL module). Apparent weak emis-
sion bumps near 14.4, 16.2, 20.5, and 20.9 mm are artifacts. The nature of
the weak feature near 22.3 mm is unclear because it appears differently in
both nods.
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[Cami et al. Science 2010]
C60
C70
Neutral form ! + Proposed to be in the solid phase by Cami et al. while Gas phase by Sellgren et al.
Tc1 planetary nebula (evolved star)
2010 Discovery of the C60 molecule in emission in space
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Figure 1. Spitzer-IRS spectra (solid curves) of NGC 7023 (25′′ east, 4′′ north
of HD 200775; top) and NGC 2023 (29′′ west, 8′′ south of HD 37903; bottom),
obtained with the short-wavelength low-resolution module (SL; 5.2–10.0µm;
λ/∆λ = 60–120) and the short-wavelength high-resolution module (SH;
10.0–19.5µm; λ/∆λ= 600). We mark C60 lines at 7.04, 8.5, 17.4, and 18.9µm
(vertical lines). The strong emission feature at 8.6µm is due to PAHs. H2
emission lines fall at 9.66, 12.3, and 17.0µm.
λ/∆λ = 600). We chose nebular positions (29′′ west, 8′′ south
of HD 37903 in NGC 2023; 25′′ east, 4′′ north of HD 200775 in
NGC 7023) with a strong ratio of the 18.9µm feature relative to
the 16.4µm PAH feature. We used matched aperture extraction
in CUBISM (Smith et al. 2007b) to extract SL, LL, and SH spec-
tra in regions of overlap between these spectral modules. The
ex raction apertu e was 10.′′2×10.′′2 in NGC 2023 and 7.′′5×9.′′2
in NGC 7023.
We also r tr eve from t e Spitz r rchive a spectral
data cube for NGC 7023 with LL (PI: Joblin, pid 3512;
orkey = 0011057920). We use CUBISM to d rive spectral
images in the 16.4, 17.4, and 18.9µm features and 0–0 S(1) H2
for NGC 7023. For the spectrum of each spatial pixel, we define
a l cal continuu surrounding an emission feature or line and
subtract it before deriving the feature or line intensity.
We search for bad pixels and correct t em with CUBISM
before extracting final spectra. We subtract dedicated sky spectra
f r the 5–38µm spectra of NGC 2023 a d NGC 7023; no sky
subtraction is done for the spectral mapping.
3. RESULTS
Figu e 1 illustrates our SL and SH spectra in NGC 2023
and NGC 7023. The 17.4 and 18.9µm emission features are
prominent and coincident with C60 wavelengths.
We show the 5–9µm SL spectrum of NGC 7023 in
Figure 2. We clearly detect an emission feature at 7.04 ±
0.05µm. This fe ture is coincident, within the uncertainties,
with the wavelength of the expected C60 line. We highlight this
emission fe ture by using PAHFIT (Smith et al. 2007a) to fit the
5–9µm spectrum with a blend of PAH emission features in ad-
dition to the new emission feature at 7.04µm. The full-width at
half-maximum of the 7.04µm C60 feature is 0.096± 0.012µm,
significantly broader than our spectral resolution. We also detect
the 7.04µm C60 feature in NGC 2023. We present the C60 band
intensities in Table 1.
In our previous long-slit spectroscopic investigation of
NGC 7023 (Sellgren et al. 2007), we found that the 18.9µm
feature peaks closer to the central star than PAHs. We now illus-
trate this more clearly with the LL spectroscopic map extracted
in NGC 7023 (Figure 3). The 18.9µm emission is clearly cen-
tered on the star. By contrast, the 16.4µm PAH emission peaks
outside the region of maximum 18.9µm emission, in a layer
Figure 2. Spitzer-IRS 5–9µm spectrum of NGC 7023 (open squares), obtained
with the short-wavelength low-resolution module (SL; λ/∆λ = 60–120). We
mark C60 lines at 7.04 and 8.5µm (vertical lines). We show the individual
contributions of PAH f atures at 5.3, 5.7, 6.2, 6.4, 6.7, 7.4, 7.6, 7.8, 8.3, and
8.6µm to the spectrum, by decomposing the spectrum with PAHFIT (Smith et al.
2007a) and then overplotting the Drude profile of each feature (blue curves).
The Drude fit to the C60 feature we detect at 7.04 ± 0.05µm is highlighted
(magenta curve). The 8.5µm C60 feature is blended with the strong 8.6µm
PAH feature.
Table 1
Observeda and Calculatedb C60 Intensity Ratiosc
I7.04/I18.9 I8.5/I18.9 I17.4/I18.9
Object
NGC 7023 (λ/∆λ = 60–130) 0.82 ± 0.12 · · · 0.42 ± 0.02
NGC 7023 (λ/∆λ = 600) · · · · · · 0.33 ± 0.01
NGC 2023 (λ/∆λ = 60–130) 0.086 ± 0.004 · · · 0.47 ± 0.01
NGC 2023 (λ/∆λ = 600) . . . . . . 0.66 ± 0.01
Absorbed photon energy
5 eV 0.46–0.58 0.41–0.43 0.28–0.38
10 eV 0.76–0.94 0.57–0.59 0.28–0.38
15 eV 0.97–1.20 0.67–0.71 0.29–0.38
Notes.
a Observed intensity ratios, derived using PAHFIT (Smith et al. 2007a). We give
statistical uncertainties; systematic fitting uncertainties are 15% for the 7.04µm
intensity ratio and 30% for the 17.4µm intensity ratio. The observed 17.4µm
feature has not been corrected for PAH emission blended with it.
b Emission spectrum calculated with Monte Carlo code (Joblin et al. 2002) for
molecular cooling cascade after absorbing a stellar photon. C60 vibrational data
from Me´nendez & Page (2000), Choi et al. (2000), and Schettino et al. (2001).
c Intensities (W m−2 sr −1) normalized to the 18.9µm feature intensity.
between the star and the molecular cloud. The photodissocia-
tion front at the UV-illuminated front surface of the molecular
cloud is delineated by 0–0 S(1) H2 emission at 17.0µm.
Our previous observations (Sellgren et al. 2007) suggested
that the 17.4µm feature might be a blend of a PAH feature
and an emission feature with the same spatial distribution as
the 18.9µm feature. We now confirm that this is the case
with IRS/LL spectroscopic imaging. We show an image of
the 17.4µm emission from NGC 7023 in Figure 4, overlaid
with contours of 18.9µm and 16.4µm emission. The 17.4µm
emission clearly shows one peak on the central star, coincident
with 18.9µm C60 emission, and a second peak cospatial with
16.4µm PAH emission. Thus, there is an ISM component with
emission features at 17.4 and 18.9µm, which has a different
spatial distribution than PAHs traced by the 16.4µm feature.
Our imaging spectroscopy demonstrates the spatial separation
between regions of peak PAH emission and peak C60 emission
[Sellgren et al. ApJ. 2010]
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Figure 1. Spitzer-IRS spectra (solid curves) of NGC 7023 (25′′ east, 4′′ north
of HD 200775; top) and NGC 2023 (29′′ west, 8′′ south of HD 37903; bottom),
obtained with the short-wavelength low-resolution module (SL; 5.2–10.0µm;
λ/∆λ = 60–120) and the short-wavelength high-resolution module (SH;
10.0–19.5µm; λ/∆λ= 600). We mark C60 lines at 7.04, 8.5, 17.4, and 18.9µm
(vertical lines). The strong emission feature at 8.6µm is due to PAHs. H2
emission lines fall at 9.66, 12.3, and 17.0µm.
λ/∆λ = 600). We chose nebular positions (29′′ west, 8′′ south
of HD 37903 in NGC 2023; 25′′ east, 4′′ north of HD 200775 in
NGC 7023) with a strong ratio of the 18.9µm feat re relative to
the 16.4µm PAH feature. We used atched aperture extraction
i CUBISM (Smith et al. 2007b) to extract SL, LL, and SH spec-
tra in regions of overlap between these spectral modules. The
extraction ap rture was 10.′′2×10.′′2 in NGC 2023 and 7.′′5×9.′′2
in NGC 7023.
We also retrieve from the Spitzer archive a spectral
data cube for NGC 7023 with LL (PI: Joblin, pid 3512;
aorkey = 0011057920). We use CUBISM to derive spectral
images in the 16.4, 17.4, and 18.9µm features and 0–0 S(1) H2
for NGC 7023. For the spectrum of each spatial pix l, w define
a local continuum surrounding an emission feature or line and
su t ct it before deriving t e featu e or line intensity.
We search for bad pixels and correct them with CUBISM
before extracting final spe tr . We subtract dedicated sky spectra
for the 5–38µm spectra of NGC 2023 and NGC 7023; no sky
subtraction is d ne for the spectral mapping.
3. RESULTS
Figure 1 illustrates our SL and SH spectra in NGC 2023
and NGC 7023. The 17.4 and 18.9µm emission features are
prominent and coincident with C60 wavelengths.
We show the 5–9µm SL spectrum of NGC 7023 in
Figure 2. We clearly detect an emi sion feature at 7.04 ±
0.05µm. This feature is coincident, within the uncertainties,
with the wavelength of the expected C60 li e. We highlight this
emission feature by using PAHFIT (Smith et al. 2007a) to fit the
5–9µm s ectrum with a blend of PAH e ission fe tur s in ad-
dition to the new emission feature at 7.04µm. The full-width at
half- aximum of the 7.04µm C60 feature is 0.096± 0.012µm,
significantly broader than our spectral resolution. We also detect
the 7.04µm C60 feature in NGC 2023. We present the C60 band
intensities in Table 1.
In our previous long-slit spectroscopic investigation of
NGC 7023 (Sellgren et al. 2007), we found that the 18.9
feature peaks closer to the central star than PAHs. e now illus-
trate this more clearly with the LL spectroscopic map extracte
i NGC 7023 (Figure 3). The 18.9µm emission is clearly cen-
tered on the star. By c trast, the 16.4µm PAH emission peaks
outside the region of maximum 18.9µm emission, in a layer
Figure 2. Spitzer-IRS 5–9µm spectrum of NGC 7023 (open squares), obtained
with the short-wavelength low-resolution module (SL; λ/∆λ = 60–120). We
mark C60 lines at 7.04 and 8.5µm (vertical lines). We show the individual
contributions of PAH features at 5.3, 5.7, 6.2, 6.4, 6.7, 7.4, 7.6, 7.8, 8.3, and
8.6µm to the spectrum, by decomposing the spectrum with PAHFIT (Smith et al.
2007a) and then overplotting the Drude profile of each feature (blue curves).
The Drude fit to the C60 feature we detect at 7.04 ± 0.05µm is highlighted
(magenta curve). The 8.5µm C60 feature is blended with the strong 8.6µm
PAH feature.
Table 1
Observeda and Calculatedb C60 Intensity Ratiosc
I7.04/I18.9 I8.5/I18.9 I17.4/I18.9
Object
NGC 7023 (λ/∆λ = 60–130) 0.82 ± 0.12 · · · 0.42 ± 0.02
NGC 7023 (λ/∆λ = 600) · · · · · · 0.33 ± 0.01
NGC 2023 (λ/∆λ = 60–130) 0.086 ± 0.004 · · · 0.47 ± 0.01
NGC 2023 (λ/∆λ = 600) . . . . . . 0.66 ± 0.01
Absorbed photon energy
5 eV 0.46–0.58 0.41–0.43 0.28–0.38
10 eV 0.76–0.94 0.57–0.59 0.28–0.38
15 eV 0.97–1.20 0.67–0.71 0.29–0.38
Notes.
a Observed intensity ratios, derived using PAHFIT (Smith et al. 2007a). We give
statistical uncertainties; systematic fitting uncertainties are 15% for the 7.04µm
intensity ratio and 30% for the 17.4µm intensity ratio. The observed 17.4µm
feature has not been corrected for PAH emission blended with it.
b Emission spectrum calculated with Monte Carlo code (Joblin et al. 2002) for
molecular cooling cascade after absorbing a stellar photon. C60 vibrational data
from Me´nendez & Page (2000), Choi et al. (2000), and Schettino et al. (2001).
c Intensities (W m−2 sr −1) normalized to the 18.9µm feature intensity.
between the star and the molecular cloud. The photodissocia-
tion front at the UV-illuminated front surface of the molecular
cloud is delineated by 0–0 S(1) H2 emission at 17.0µm.
Our previous observations (Sellgren et al. 2007) suggested
that the 17.4µm feature might be a blend of a PAH feature
and an emission feature with the same spatial distribution as
the 18.9µm feature. We now confirm that this is the case
with IRS/LL spectroscopic imaging. We show an i age of
the 17.4µm emission from NGC 7023 in Figure 4, overlaid
with contours of 18.9µm and 16.4µm emission. The 17.4µm
emission clearly shows one peak on the central star, coincident
with 18.9 C60 emission, and a second peak cospatial with
16.4µm PAH emission. Thus, there is an ISM component with
emission features at 17.4 and 18.9µm, which has a different
spatial distribution than PAHs traced by the 16.4µm f ature.
Our imaging spectrosc py d monstrates the spati l separatio
between regions of peak PAH emission and C60 emission
NGC 7023 reflection nebula (interstellar medium)
Fig. 3. Spitzer spectra of the NGC 7023 reflection nebula and TC 1 planetary nebula in which the main signatures of
the C60 molecule are observed. In the case of NGC 7023, the PAH ba ds are also present. Figures from Sellgren et al.
(2010) and Cami et al. (2010).
4 The formation of C60
One question related to fuller nes, and in particular C60 , co cer s thei formation p thway. Recently, “top-
down” schemes where larger carbon clusters shrink to reach C60 have been proposed (Chuvilin et al. 2010; Zhang
et al. 2013; Pietrucci & And oni 2014), and can be oppose o the traditional “bottom-up” approach where
C60 is built up from small gas-phase species (Kroto & McKay 1988; Heath 1992; Hunter et al. 1994; Dunk
et al. 2013). Using infrared observations of the NGC 7023 nebula, Berne´ & Tielens (2012) found evidence of
an incre s of the abundance of C60 with incr asing UV field, while the a undance of PAHs decreases. This
was interpreted by these authors as evidence for the formation of C60 from large PAHs (NC > 60) under UV
irr diati n, a top-down mechan sm imilar t t on observ d by C uvilin et al. (2010). Garc´ıa-Herna´ndez
et al. (2010, 2011) and Micelotta et al. (2012) proposed a similar mechanism where the starting materials are
more complex, such as hydrogenated amorphous carbon instead of PAHs. Top-down scenarios ar particularly
appealing, given that the densities prevailing in t e ISM are many orders of magnitude too low to allow for a
bottom-up formation (i.e. starting from mall gas-phase species) over re so able timescales. Berne´ et al. (2015)
proposed the first d tailed model f the top-down photochemistry of i terstellar fullerenes (Fig. 4). PAHs are
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assumed to be formed in the envelopes of evolved stars (Frenklach & Feigelson 1989; Cherchneff et al. 1992;
Merino et al. 2014) and then to be injected in the ISM. According to Berne´ et al. (2015), under UV irradiation,
large PAHs, (60 < NC . 1000) are first fully dehydrogenated into small graphene flakes, dehydrogenation
being by far the dominant dissociation channel (see Montillaud et al. 2013, and references therein). Additional
UV irradiation enables these flakes to fold into closed cages. Once the cages are closed, they can lose C2 units if
they continue to absorb energy (Irle et al. 2006). Because of the low densities prevailing in the ISM, the reverse
reaction, that is, addition of C2 , is too slow to balance photodissociation and therefore the molecule will shrink.
Once a system has reached C60 , it will remain in this form for a very long time because it is remarkably stable.
Berne´ et al. (2015) find that, with this route, it is possible to convert about 1% of the interstellar PAHs into
C60 . This efficiency results in predicted abundances that are comparable to the observed ones. It should be
noted that C60 was recently formed in the laboratory (Zhen et al. 2014) in a top down manner similar to the
one described in this theoretical model, i.e. from the irradiation of PAH molecules in the gas phase. However,
the detailed steps taken to convert PAHs to C60 in this top down scheme are still a subject of debate within
specialists (see discussion in Berne´ et al. 2015).
O. Berne´, J. Montillaud and C. Joblin: Formation of fullerenes in the ISM
1) Dehydrogenation
2) Folding
3) Shrinking
Fig. 1. Schematic representation of the evolutionary scenario for the formation of fullerenes from PAHs under UV irradiation.
Table 1. Frequencies and oscillator strengths adopted in the approxi-
mation to calculate the cooling by fluorescence from thermally excited
electronic states (see text for details).
λ (Å) νi (Hz) fi
C66H20
5470 5.48 × 1014 0.72
4980 6.02 × 1014 0.24
C60
4540 6.60 × 1014 0.214
3485 8.60 × 1014 1.17
2725 1.10 × 1015 2.02
2240 1.34 × 1015 1.30
PAHs C66Hn and cages, we use the DFT vibrational frequencies
of C66H20 from the Cagliari database, after removing the C-H
vibrational modes and 3 modes per missing C atom. The cooling
rates calculated with this approach for C60 are reported in Fig. 2.
Cooling by fluorescence from thermally excited electronic
states is calculated using the formalism described in Chupka &
Klots (1997). The cooling rate is given by:
k(T ) = (2c/a0)
∑
fi(hνi/mc2)2 exp(−hνi/kBT ) (1)
where a0 is the Bohr radius, fi and νi are respectively the oscil-
lator strengths and frequencies of the electronic transitions and
T is the temperature of the molecule. For C66H20 and for the de-
hydrogenated PAHs we use the νi and fi values for C66H20 from
the Cagliari database (Table 1). For the cages, we use the ener-
gies and oscillator strengths of C60 taken from Chupka & Klots
1997, reproduced in Table 1. Note that these oscillator strengths
are a convenient approximation to calculate the radiative cool-
ing but are not true oscillator strengths. Nevertheless, Chupka
& Klots (1997) have shown that this approximation is in very
good agreement with rate calculations including detailed molec-
ular property information. Using the microcanonical formalism
described above for the calculation of the IR cooling rates, we
derived the relation between internal energy E and temperature
T for the different species. Using Eq. 1, this allowed us to de-
rive the radiative cooling rates as a function of E. For the case of
C60 these rates are shown in Fig. 2) and are in good agreement
with the earlier work models of Tomita et al. (2003).
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Fig. 2. Cooling rates for C60 as a function of the internal energy of the
molecule. The infrared emission and cooling by fluorescence from ther-
mally excited electronic states are calculated (labelled Poincare´ in the
figure) following the formalism described in this paper. The thermionic
emission rates are taken from Hansen et al. (2003).
2.2.4. Photodissociation: dehydrogenation and shrinking by
loss of C2
Photodissociation is treated using the statistical approach, and
based on the inverse Laplace transform of the Arrhenius equa-
tion (see details in Montillaud et al. 2013 and references therein).
The parameters involved in this calculation are the activation en-
ergy E0, the pre-exponential factor A, and the vibrational den-
sities of states that are computed using the vibrational frequen-
cies. For PAH dehydrogenation (first step in Fig. 1), we use the
parameters given in Montillaud et al. (2013). For the shrink-
ing of cages by loss of C2 molecules (step 3 in Fig. 1), exper-
imental and theoretical results are scarce, except in the case of
C60 and C60 + for which published molecular data have a large
scatter, as noticed by Matt et al. (2001). These authors reana-
lyzed published experiments of C60 + dissociation and showed
that when using similar and consistent sets of molecular data,
most experiments lead to similar results, with a pre-exponential
factor of 5 × 1019s−1 and a dissociation energy of 10.0 ± 0.2
eV. The activation energy should be equal to the dissociation
energy if there is no barrier for the reverse reaction, i.e. C2 ad-
3
Fig. 4. Schematic representation of the evolutionary scenario for the “top-down” formation of fullerenes from PAHs
under UV irradiation. From Berne´ et al. (2015).
5 The detection of C+60
Recently, Berne´ et al. (2013) examined in detail the Spitzer IRS spectra of the NGC 7023 reflection nebula,
at a position close (7.5”) to its illuminating B star HD 200775, and found four previously unreported bands
at 6.4, 7.1, 8.2, and 10.5 µm (Fig. 5), in addition to the classical bands attributed to PAHs and neutral C60 .
These 4 bands are observed only in this region of the nebula (Fig. 5), while C60 emission is still present slightly
farther away from the star, and PAH emission even farther away. Based on this observation Berne´ et al. (2013)
suggested that these bands could be due to C+60. In addition, they conducted quantum chemistry calculations
to determine the theoretical positions of the C+60 bands. These theoretical band positions were found to match
very well with the observed ones (Fig. 5). On this basis, Berne´ et al. (2013) concluded that the cationic form
of C60 , i.e. C
+
60 is also present in the ISM. In 2015, further evidence for the presence of C
+
60 in the ISM was
provided by Campbell et al. (2015) who measured in the laboratory a gas phase electronic spectrum of C+60. The
measured positions of the electronic bands were found to be in very good agreement with the bands observed
by Foing & Ehrenfreund (1994) (See sect. 3). The detection of an ion, C+60 , in emission, confirms the idea that
large carbon molecules exist in the gas phase in the ISM and that their emission is caused by the absorption
of individual UV photons as initially suggested by Sellgren et al. (2010). This brings strong evidence that the
PAH model (Sect. 1) is correct.
6 Conclusions
30 years after it was discovered in the laboratory, ther is n w convincing evidence that C60 and likely other
fullerenes are present in space (indeed there is evidence for C70 in TC1, see Fig. 3). In the ISM, C60 is probably
formed by a top down mechanism from PAHs, but it is possible that other mechanisms are at play in the dense
envelopes of evolved stars. It was shown that C60 exists in the gas phase in the ISM and is heated by single UV
photons emitted by massive stars. This confirms the emission mechanism put forward by the PAH model 30
30 yrs of Cosmic fullerenes 241
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Fig. 5. Left: False-color image of the NGC 7023 nebula such as the one presented in Sellgren et al. (2010), obtained
from integrating different components in the Spitzer -IRS LL sp ctr l cub . Red is h emis ion integrated in the C60
19µm band. Green is the emission of the PAH 16.4 µm band. Blue is the emission integrated in the H2 (0-0) S(0) 17.0
µm band. Right: Spectrum at positions 1 (see Berne´ et al. 2013 for spectrum at position 2) in the image. Error bars
are not shown here but are comparable to the width of the line. The red lines indicate the four newly detected bands
attributed to C+60. The DFT calculated spectrum is shown as a bar graph in blue. See Berne´ et al. (2013) for details.
years ago. The presence of neutral and cationic fullerenes indicates that the molecule is stable in both states
and that the ionization fraction of C60 will depend on the local physical conditions. This opens the possibility
to use C60 and C
+
60 emission bands as a proxy of the physical conditions, mainly radiation field which controls
the ionization and gas density which controls the electron recombination rate.
This work was supported by the CNRS program Physique et Chimie du Milieu Interstellaire (PCMI).
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